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ADVANCE CONFIDENTIAL REPORT

FLIGHT INVESTIGATION OF THE VARIATION OF DRAG COEFFICIENT
WITH MACH NUMBER FOR THE BELL P-39N-1 AJKPLANE

By Welko E» Gasich and Lawrence A, Clousing

SUIRMARY

An investigation of the effect of compressibility on the
drag of a Bell P-39N-1 airplane has been made in flight as
part of a drap study on several high-speed airnlanes currently
in production, The lach rnumber range covered in these tests
was from @.2 to about 0.8,

The minimum drag coefficient at low Mach number was found
to be 0,022, The drag coefficient started to increase at a
lMach number of 0,62, reaching a value almost three times as
great at a Mach number of 0,80, From the results of the tests
it appears that the terminal Mach number for the ailrplane dur-
ing a dive from service ceiling is about 0,80,

INTRODUCTION

One of the compressibility effects which occurs on air-
planes in flight at speeds approaching those of the speed of
sound is that of a large increase in the airplane drag coef=-
ficient, The liach number at which this drag increase occurs,
and the ability to predict its magnitude, is a subject of ine
tense research at present, because the high-sneed performance
of modern airplanes is affected by the nature o’ the drag in-
crease, Also, the terminal dive speed of airplanes is deter=-
nined to a large extent by the nature of the increase of drag
at high Mach numbers, Al present, reliable full-scale data
on the drag charhcteristics of airplanes at high lach numbers
are quite limited,
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As a resnlt, the Ames feronautical Laboratory has under-
taken drag.investigations in flight of several high-speed air-
planes currently in production, The present investigation was
conducted to determine the manner in which the drag coeffi=
cient of a Bell P=39N-1 airplane varied with Mach number,
Measuremcnts were taken up to the highest value of Mach number
attainable,

In conducting the investigation, it was found necessary
to devote special study to the technique for the determination
of drag characteristics of airplanes in flight, A description
is presented herein of the methods used, and the results ob-
tained through the use of different methods of computing the
drag are compared.

SYMBOLS

In the derivation of the formulas by which the drag coef-
ficient is oblained, the following symbols are used:

F total force parallel %o flight path acting to accelerate
the airplane, pounds

s distance through which force acts, feet

m mass of airplane, W/é, pound-seconds squared per foot

W weight of airplare, pounds

a acceleration of airplene along £light path (in direction

of ), fect per second squared

g acceleration due to gravity, feet per second squared
h true altitude, feet

v true airspeed, miles per hour

D total drag of airplane, pounds

q dynamic pressure, pounds per cquare foot

S wing area, square feet
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T total thrust, pounds

Agx  the algedraic sum of the components along the airplane
X-rxis of tle wirpliaase acceleration and the accelera-
ticn cve to gravity in tevas of the siandard graviw

taonel valt (02,4 £1/s0c” ), positive wheu directed
forvard
Av_ lorgiZudinal acceleration factor due to atbitude of air-
: plene in terregerial gruvitational field

Ax, longitudinal acceleration factor due to acceleration of
airplane through cpace

Az the alzebrelic svm of the cumporents, along the airplane
Z~axis, of tha sir lane acceleration and ths ~2cela
eretlion due to gravity, in terms of the stundard
grovitational wnit (32.2 f£t/sec?), positive when di-
rected upward

, mnormal acceleration ractor due to ettitude of airplane
in terrestrial gravitational field

Ag normal acceleration factor due to acceleration of air-

& plane through space
g angle of flight path as measured from horizontal, degrees
a angle of attack of thrust line, degrees

=
=3

Vach angle
DESCRIFTION OF TiIE AIRPLANE

The Rell P-Z9N-1 airplane is a single-place, low-wing,
cantilever monoplane powered by a 1200 brake horsepower (take-
off rating) Allison V~1710-85 liguid-cooled engine driving a
three~blade Aeroproducts propeller. Figure 1 is a general-
arrangement drawing of the airplane, Figure 2 is a photograph
of the airplane as instrumented for the flight tests. The
following specifications of the airplane were taken almost en-
tirely from references 1 and 2: '
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Airplene, general
Span ; e e o 3 6 e s s 0 o s s s e o 34,01t
Length o« ¢ o o o ¢ s 6 o s a s ¢ o o o 30,1867 £t
Weight (normal end approx. &s flown) . 7629 1b

Center of gravity (for normal gross
weight and approx. as flown). « « o 0.285 KeAJCo

Wing
Airfoil section, root + o s s s ¢ ¢ o NACA 0015
Airfoil section, tip o » o « o o o » o NACA 23009
ATEB » o o o 6 o o 0 o ¢ #« o o o o o o 21342 5q ft
Engine
TYDPE o« o o v o o ¢ o o « o ¢ s » o » o Allison V~1710-85
Ratings (bhp/rpm/altitude)
Take-off o o o o o o o o o s o o o 1200/3000/sea level
MilitAry o o o o o o o o o o o o o 1125/3000/15,500
Tormal o o o o 6 o o o o o ¢ o o o 1000/2600/14,000
Gear ratio o o o o o o ¢ o o o o o » o 2e23:l
Propeller
TYDPE o ¢« o o ¢« 6 0 @ o s o o & o & o @ Aeroproducts,
constant-speed,
hollow-shaft
Blade desiZh « o o o o o o ¢ o o o o » A=20-156-17
Number of blades « o ¢ o ¢ s o o o o ¢ 9
Activity factor/blade o« « o o o o o o 9845

Thickness ratio, 75-percent radius « ¢ 0,08

Diameter o o o @« « ¢ v s o 0 ¢ o o o o 11fts7in°
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INSTRUMENTATION

Stendard NACA instruments were used to record photograph-
ically, as a function of time, quantities from which the fol=
lowing variables could be obtained: indicated airspeed, pres-
sure altitude, normal acceleration, longitudinal scceleration,
engine manifold pressure, engine spsed, and approximate angle
of attack of the thrust line, The instrument for measuring
longitudinal acceleration was made especially sensitive for
the purpose of the tests,

The recording instruments, as installed in the airplane,
could be read to=£2 miles per hour for the indicated airspecd;
+200 foet for the altitude, £0,1g for thec normel acceleration,
+0,01lg for ths longitudinal acccleration, £0,2 inch cf mercury
for the manifold pressure, £20 rpm for the engine spced; and
04,29 for the angle of attack.

The tcmparature was mcasured by the pilotfs service ther=-
mometor« Tumporaturce surveys were made in ascending and de-
scendin~ flight in an effort to e¢lianinate errors in tempera-
ture rcading caused by the lag effcet in the system. The
average tcaperature read was corrcctod for the tamperature
rise caused by the compression of the air due to the spced of
the airplanc,

The head used for the airspecd and altitude mecasurcments
was freely swiveling and was mounted on the end of a boom cx-
tending about 4 feet ahead of the leading cdge of the right
wing at a spanwisc location about 7 feet inboard of the right
wing tip., The alrspecd head consisted of two scparatc static-
pressure tubes (one of which was connectcd to the sirspced re-
corder and thc other to the altitudc rccorder) with a single
total-pressure tube located between thems The airspeed and
altitude rccorders were mounted in the right wing at the basc
of thic booms Thc total- and static-pressure lincs to the aire
spced recorder were balanced so that a sudden pressurc change
equally applicd to both total- and static-pressure lincs at
the airspeed hcad caused no reoading of the airspeed recorder,
The lines to the airspescd recorder and altitude recorder werc
of avout the samo length and size, being about & fect long
and of 0,12 inch inside diamcter, The magnitude of the lag
sffects in the altitude and airspecd recording systoms was
measured by a speeially bullt ground setup,. and was found in
both systems to be smaller than an error in pressure equiva-
lent to 5 feet of altitude with the airplane in a dive at
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termirnal Mach number, The recording and service static heads
were calibrated for position error by comparing the readings
ol the recording and service altimeters with the known pres-
sure sltitude as the airplane was flown at several specds past
a reference height. It was assumed that the correct total
pressure was obtained. Calibration of the recording head in
the Ames 16-foot wind tunnel showed that the error in recorded
eirspeed, due to the difference in liach number obetween the
highest value obtained in the flight calibration (0.50) and
the highest value obtained in the flight tests (0,80), was less
than 1 percent. Indicated airspeed, as used in this report,
was computed according to the formula by which standard air-
speed meters are graduated (gives true a11<pﬂed at standard
sea~level conditions). The formula may be written as follows:

' r 5 0.2886 1/2
Vi 1703 (:——— + 1 -1

where

v correct irndicated airspeed, miles per hour
H free-stream total pressure

P free-stroem static pressure

j standard atmospheric pressure at sea level

The angle of attack of +he thrust line was indicated by
a vane mounted on the forwerd end ol a boom located at a cpan~
wise station 6.7 fect inboard from the left wing tip and eox-
tonding 3,3 feet ahcad of the wing leading edge similar to the
airspeed-head installation, The angle of attack as mecasured
by this vane was used in this analysis without any corrections
veing applacd for position error,

1ETHODS OF ANALYSIS

It was found necessary in the course of these snalyscs,
as will be cxplained later, to calculate drag coeflicient from
high-speed~dive data for I'ach numbers above 0.5 and from spced-
power dota for ¥ocn numoers welow this figure. Three diffors
ent methods were applied o the dive date, while a single msth-
od was apnlicd %o the speed-powor data,
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The methods which were applied to the dive data will be
referred to in this report as (1) force method, (2) energy
method, and (3) acceleration method, The equations derived in
appendix A are as follows:

(1) Force method

¥ Tl
Tcosa-W i@hﬁéﬁ + av/ads |
- ¥

C g
Dm E
(2) Fnergy method
7 s T d ’:-h + Va—i
[+10) - - ! L
CD = a Vdat L 2g !
gs

(3) Acceleration method

. Tcos a+W(Ay sin o - Ay cosa )
as

Cp

The equations shown in the foregoing for the force and energy
methods are identical except for forme, It was felt that a dis=
tinction should bc made, however, in order to amphasize the
significance of the tcrms within the brackets. Also, th¢ im-
plied differentiations were advered to in applying the equa-
tions.

The foregoing methods yielded poor results when applied
to test data where the Mach number was below 0,5; thercfore,
aiothicr mobthod wae developed which was applicable to data ob-
tained during speed~power runs in level flight, This method
is discussed in appendix B, but is not completely derived be=
cause of the rathoer lengthy series of computations involved,

In cvaluating the total thrust developed by the engine=
propellcr combination, it was necessary to include both the
exhaust thrust end propeller thrust. The exhaust thrust was
estimated by the method used in reference 3 and the propeller
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thrust wos determincd from cstimations of propeller efficicncy
and onginc power, Propeller efficiency was estimatced by the

method described in appondix € using charts and deta prescented

in refcrences 4, 5, and 6,

The cngine brake horsepower was determined from the manu-
facturcr's cnginc-power charts by entering readings of thc ro-
cording altimeter, rpm recorder, end manifold prussure recorucr,
In many instances, the manifold pressure at given altitud: and
enginc-speed conditions cxeceded that showvm by the enginc-power
charts, In such cascs it was assumcd that a line of constant
rpm and manifold pressurc could be extrapolated linearly to the
highcer altitude to determinc enzinc power, t migh®t be pointcd
out that this assumption is not cexactly true, bocause tho ad-
ditional menifold pressure is not supplicd by the gear-drive
supercharger within the enging but by the ram effect in tho fucle
induction systcm; hence, tho manifold pressure is not obtained
entircly by the expenditure of power in the superchargor, The
amount of rem pressure is, howevoer, such a small porcentage of
the total manifold pressure thut it was belioved thset no cori-
ous crrors resulted from this assumption.,

TESTS, RESULT3, AND DISCUSSICH

The data were obtained in high-spccd dives and in speed-
pover runs with the sirplanc in the cloan condition with oil
and coolant shutters onc-half open (flush with the oxternal
lincs of fuselage), Prossure orificces were present in the
cnponnage and right wing, having tocn placed there for other
tcst purposcs, ond an extra acrial mest was mounted ahcad of
tho coclpit canopys A rescarch snglu-of-attack head and boom
was mounted on thz 12ft wing and a roscarch airspced heed end
beom was mountcd on the right wing. A bomb rack snd sway
braces were mounted undor the conter of the fusclage. In or-
der to insure that the lending-whccel doors did not open at
high spocds snd pull-outs, spocial latches were installced so
thiat the doors wurc positively locked during flight, A list
of thc dives invelved in thesc tests and the approximate
£light conditions during the dives aro prescated in table I.

In ordcr that the force, cncrgy, and acceleration moethods
of determining the drasg cocfficicent could be compared in re-
zard to accuracy and consistoncy, two dives, the time his-
torics of which arce shown in figurcs 3(a) and 3(b), werc ana-
lyzed by each of the methods,
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Figure 3(a) shows a time history of a power-on dive (dive
No. 1 of table I) from 30,000 feet at full throttle and 3050
rpme The maximum indicated airspeed reached was 464 miles per
hour at 12,500 feet, The maximum lMach number reached in the
dive was 0.765. The airplane was pulled out at 11,500 feet
at a normal acceleration of 6.0g. It should be noticed that
the manifold pressure kept rising constantly until a value of
50 inches of mercury was resched, at which point there was a
sharp breek and the pressure became constant, This break was
due to the pilot's throttling back in order to keep the mani-
fold pressure below the maximum permissible value of 51 inches
of mercurys.

Figure 3(b) shows time history of a power-on dive (dive
No. 2 of table 1) from 28,000 feet at part throttle and 2800
rpme The maximum indicated airspeed reached in this dive was
471 miles per hour at 10,300 feet. The maximum Mach number
reached was 0,777, The reason for the sudden decrease in manifold
pressure at the beginning of the dive is due to loss of power
caused by malfunctioning of the fuel-induction system of the
engine when negative accelerations are incurred,

The airplane drag coefficient calculated from the data
obtained in the dive shown in figure 3(a), as determined by
the three methods of evaluation, is shown in figure 4(a) with
airplane drag coefficient (p plotted as a function of ifach
number M, The results are presented only for Mach numbers
above 0,6, The variation of Cp with M as determined by
the acceleration method appears to be the most reasonable
variation of those shown, The energy and force methods are
consistent within themselves to a small degree, but are in no
way consistent with the acceleration method. The drag-coef-
ficient curves determined by the force and energy methods,
in fact, show an illogical variation with Mach number,

An attempt was made to investigate the reason for this
variation by assuming that the curve of Cp plotted as a
function of Mach number as determined by the aceelaerastion
method was correct, From this curve the data were worked
backward until a time history of the true airspeed was deter-
mined. A comparison of the actual variastion of airspeed with
time that was obtained from the data showed that in no case
was there & difference of more than 5 miles per hour true
airspeed, This error in measuremsnt of true airspeed is en-
tirely possible, especially when it i1s realized that in desl-
ing with true airspced an accurate temperature measurement is
necessary to obtain true airspeed from indicated airspeed,
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Hence, it would appear that inherently the energy and force
methods are too sensitive to minor errors in the measurement
of airspced to make the methods usable in flight work. The
inconsistency between force and energy methods may be due to
the fact that for the force method two graphical differenti-
ations are necessary, one to determine the dive angle and the
other to determine the longitudinel acceleration, while only
one differentiation is necessary for the energy method.

The drag results of the dive of figure 3(b) are showm
on figure 4(b), 1In this case the results of the energy and
force methods do not agree with each other as well as in the
previous example, although in this case the energy and force
methods give lower drag coefficients at Mach numovers less
than 0,71 as compared to values presented in figure 4(a).

Lecavse of the apparent inconsistency of results obtained
by the snergy and force methods, all the dive data were finally
derived by the acceleration method. These data are shovn in
figure 5. The recsults sre consistent and the test poiuts de-
termine a well-defined curve ot dres coefficient as a [unction
of Mach number for a lilt-coe’ficient range of 0.03 to 0,00, -
The greatest inaccuracy in computed drag coefficicnt at the
high I'ach numbers should not exceed 2 percent, bocarse the en-
gine thrust (propeller and exhaust) does not cxcced 7 percent
of the total drag at these Nach numbers, The possible error
rises, however, at low ach numbers, due to the value of the
thrust more closely approaching that of the drag. At a Fach
number of 0.5, the thrust is equal to the drag,

The drag coefficients at llach numbers below 0,0 have been
calculated by the method outlined in appendix B and are shown
in fipure 5, To cbitain data for this method, the airplane was
flowa in straipght level flight at various power conditions at
an asl%itude of 15,00C foet, thus obtsining a speed-power curve
for the airplane. Toe vesults o0 the dota alter thgy "erc re-
duced and plotted s figure € iadlcate an airplanc drag co-
efficient of 0.022 at a 1ift coelicient of zero, which scems
to boe a reasonsble figuve, since the particular airplane tested
was acrodynualcally rathce unclean.

It is of interest to mote in figure 5 that one ol the
points plotted was obtained from dive data during a time in
the dive rccovery in which the Mach number was decreasing after

huving reached a high value. The position of this point above -
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the general curve may possibly be attributed to a hysteresis
efrect caused by the continuance of compressibility stall on
some portion of the airplane following flight at high Mach
nuibere It may also have been caused by increased bulging
or distortion of the surface of the airplane as it dived
into the lower atmosphere where a larger value of dynamic
pressure occurs at a given MNach number than is the case at
high altitude, -

Data are presented in figure 5 on the section critical
#ach numbers (the flight Mach number at which the local air-
speed over the surface reaches sonic velocity) for various
spanwise stations on the wing of the airplane, The various
spanwise stations at which the section critical Mach number
of the wing was determined are shown in figure 7, The varia-
tion of wing thickness with span is also shown in this figure.
The values of critical Mach number of each of the spanwise
stations shown in figure 7 were determined as described in ap-
pendix D and are shown in figure 8, The pressure~distribution
measurements used in determining the critical Mach number of
each spanwise station were obtained during the flight tests
reported in reference 7, and are on file at Ames laboratory.
The critical Mach number for the four approximately symmetri-
cal inboard sections (0015 to 0012) is sebout 0.68, The crit-
ical IMach number for the tip section (23010) is much lower
than that for the symmetrical sections,; because the tip sec-
tiowm is operating at & lift coefficient less than the optimum
1ift coefficient for maximum critical Mach number. The values
of wing critical Mach number are spotted on figure 5 to show
their relation to the airplane Mach number of drag divergence,
(Drag divergence is defined as the point at which the drag coef-
ficient begins to increase over its low speed value.)

It is seen that the drag coefficient starts increasing at
e Mach number of 0,62, about 0.03 higher than the tip-section
critical Mach number, The critical kach number on the rest of
the wing is not reached, however, until approximately 0,06 Mach
nunber afiter the airplane liwoh nuuber oi drug divergence is
reached. It is probable that shock waves developing on parts
of the airplane (e.g., canopy, duct entrances, etc.), other
than the wing tip, contribute to the early dreg increase,

It is interesting to notice that the value of dC,/dM keeps
graduelly incroasing up to a kach number of 0,75, Theé value of
dCD/HM between lMMach numbers of 0,75 and 0,80 is approximately

Oo 5.
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The highest Mach number reached in any dive was about 0.8
which appears to be the terminal Mach number for the Bell P=39N-1
airplene whcen dived power on from its service ceilinge WNo dif-
ference in the maximum }ach number attainablc was discerned bo-
tween dives where the entry was made by rolling over into the
dive and those in which entry was made by pushing down intc the
dives, Calculations of the terminal Mach number which could be
rcached in a vertical dive from 34,000 fect to sea level were
made by a step=-by-stcp process using the drag curve of figure 5
with a slight cxtrapolation, Sincc at high Hach numbers the pro-
peller thrust in powcr-on flight is avery small proportion of
the total thrust component, the cffect of the propeller thrust
was neglected in these computations, The results indicated that
the highest Mach number would be obtained at an altitude of about
19,000 fcot and that this Mach number would be 0.802, which is
but slightly higher than the maximum Mach number obtained in the
drag tests, The computations indicated a decrease in Mach number
as the airplanc continued the dive below 19,000 fect,.

The highost Mach nunber reached in level flight during the
tests was G,40. Data of referencc 8 show,; however, that with
war cmergency power a Meoch number of 0.54 can be reached in loveol
flight with a Bell P-391'=1 airplanc, With a liach number of
drag divergoence of 0,62, the airplane could, thercfore, be
{lown about 60 milecs per hour faster than et prescnt ocfore
the compressibility cffect on drag would start to limit the high
speede

CONCLUSTONS

1. The minimun drag cocfficicnt at low Mach number for
the Bell P-39H-1 airplanc was found to be approximately 0,022,

2, The Yaoch number of drag divergence (thut Mach number at
which the drag cocfficicnt started to increcasc from its low-
speed voluw) was 0,62,

3+ Tho maximum Mach numbcr attained in the course of the
tosts was about 0,80, which appcors to be the torminal Mach
number of the airplanc, At this Mach number, the drag coeffi-
cient vas about 0,060,

4., The slopc of the curve of drag cocfficient as a func-
tion of Mach number (dCD/dM) in the high Mach number region
was about 0.5,




JACA ACR lloe £DO4 13

5. The critical Mach numbers of the different airfoil sec-
tions of the wing as determined from pressure-distribution
measurements are, in general, in good agreement with the theo-

retical values of critical lisch number for the wvarious airfoil
sections,

Ames Aeronautical Laboratory,

National Advisory Cormittee for Aeronautics,
Moffett Field, Calif,
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APTEIDIN A

Three metiods are derivel by which the airplane dreg coef-
ficient C; mey be obbained [roa flignt-test data. The three
methods are raferred to es (1) tae Jorce method, (2) the energy
method, and (3) the accelsretion metrods

Force Method

ray be determined by use of rec-

The drag of the eirplanse
r d. THcuating the forces along the

ords of altitude ani sirc
fligut path (lige 9) glves

P2Tcos a+Wein § - D

or
— a = 7T ¢cs g+W sin 6 - D

from which
D=Tcosa+W(/sinev,~f_>
\ g
a = d7/dt

3in 8 = ..

Substitubing for sin 6 and,g

e}
L

U 7/4+
= T COS O (( ar,dt o dv/dt
.V g

or

Cp

[ |

. )
oosa w (S8, /et ]afg
v /

where sin § and & are determuined by graphical differentiation
with respect to time, of altitude and veloeity along the flight
path.
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- Energy Method

This method involves the equating of the changes in po=
tential and kinetic energy tc the product of force and dis=
tance as follows:

-

d(work) = Fds & d(ngh)+ d fé
T &7
Wdhe W ;..‘...

( i + ‘IJF)

[

since
ds ® V dt

and
* P T cosg -D
| then
‘ (Tcosa,-nD)th'W\ dh+Vd;7>
| D=T7Tcos - g'ét<: h-+ Z£>
; and
3 T cos a -V é% / h + ga

CD_ e e i et 2 s s T ot s S ekt O B et S e

qs

It is seen that this method does not require the use of
an accelerometer, The only instruments required are an al-
timeter and an airspeed recovder, The graphical differentia-
tion of the quantity f(h + Va/Zg) with respect to time is
required to evaluate the latter part of the right-hand term
of the above equation., This equation is éssentially the same
result as is obtained by the force method, except that one
graphical differentiation is required instead of two, The re-
sults obtained from the two methods differ only by errors due
to the work-up of the basic flight data,
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Acceleration Methcd

Q

Determination of the drsz of an airplane in flight may
be made by concideration of the accelerations involved.

As before,

DsTcoes o+ Wsin 6 - a/z)

sin 8 1is measured by the componsnts of the accelerometer due
to their orientetion in the gresvitational field, Therefore

sin @ =@ Ay cosat Ay sina
1 1

a/g is meesured by the ccmponents of the accelercmeter due
to their acceleration alenz the f£light path, Therelore

-A).— COS O + AZ sin o
\.2 3

M

hence

D=Tcos a+ WAy cosa - Ay cosa + A, sina - A, sina
X4 X, z, Z, )
and since
- Al
Ay = By "X,

AZ = Azl - AZ

then
D=7 cosa+ Wiy sin o - Ay cos @)

or
T cos @ + (4, sin a - Ay cos a)
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APPENDIX B

The following discussion presents the method by which the
drag coefficient at low Mach numbers was obtained from speed-
power data., The metiicd is based on the assuaption that the
airplane polar may be represented by a parsbola in the normal
flying range; for exampie, 1ift coetrficients from 0.0 to 0,8,

The equation for the parsbola is then written as

C Cp. + o
D= ¥Dp ¥ Hex
where
Cp total airplane drag coefficient

CDP effective parasite dreg coefficient

e airplane efficiency fector
A aspect ratio
By proper mathemeatical manipulation, the following equaw-

tion for indicated thrust horsepower required for level flight
may be determined:

3 N
thpy = thp(o)t/? ="¢,82 (%9 £+ Q,%@g <\_v>2
. e i b

where

£ CDP S, sq £t

Vi ¢ Virue, mph
w airplane gross weight, 1b
b airplane span, ft

The sbove-mentioned formule for the power-required term de-
fines a single curve of indicated power required as a function
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of indicated airspeed for all altitudes, By the proper appli-
cation of the foregoing formula, flight-test data may bo re-
duced to give the airplone paramcters e and fo This may be
accomplishced by representing the power-required equation as
lincar; that is, represented by the intercept equation of a
straight line

(S
+

o'
3]
s

where

Fhy

and
¥R e

Hence the powerwrequired equation becomes

6082 (V4/100)> f; C.332 (W/o) @
» z 1

thpy eV, thpy
V. 100 3
1f the values of 8a88.3_1 -99) arc plotted against values of
thps P g
. i
. -]
Qﬁééé(WZ?z—, then the intercepts of the line passing through

V3 thpi
the given test points dotermine the equivalent flat-plate area
f and airplane efficiency factor e, In order to determine
the indicated thrust power, it is necessary to define the en-
gine brake horsepower by ungine charts or a torquemeter, as the
case may bee From the power conditions (rpm, altitude, etc,)
the propeller efficiency may be determined and hence the pro-
peller thrust power. To this power must be added the exhaust
thrust power, if any. Ixhaust thrust masy be estimated by the
method of roference 3, By multiplying this value of thrust
power by v o, the indicated power required (thpi) is de-
termined, leaving only the gross weight and indicated airspeced
to be cvaluated,
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APPEIDIX C

Propulsive efficiency was estimated from charts presented
in reference 4 corrected for tip compressibility effects using
the data obtained from reference 5. These data are presented
in figure 10, The curves show the tip-speed factor Ny as &

function of tip Mach number for various advance-dismeter
ratios J. In using these curves the same critical tip lMach
number was assumed to apply to the propeller on the Eell

P-39N-1 mirplane as appiied to the test propeller cf reference
5y since it was of the samec thickness ratio and both propellers
had high-critical-speed tip sectionse

The compressibility losses over the blade root werc esti=-
mated by thc method developed in referencc 6. The reol core
rections were then applied to the proveller efficiencies of
reference 2 for power coefficients of 0,2 and 0,3, and for pro-
poller tip Mach numbers of 0,8 and 1,2. These curves are shown
in figure 11 as M,, which is the ratio of propcller efficiency
with root losses to propeller efficiency with no root losscs,
The over-all efficiency of the propeller was then calculated by
multiplying the values of efficiency obtained from the chart of
figure 10 and the chart of figure 1l.

APPENDIX D

To establish the oritical Mach number of the Bell P-39N-1
alrplonc wing, use was made of normal-force-distribution data
at five spanwise stetions along thc wing. Thesc data had been
measured in flight in conncction with a scopareto investigation
on the airplane, The critical Mach number was determincd at
cach scction for the particular section 1ift cocefficient corre-
sponding to an airplanc 1ift of 0,06, which is an average 1lift
coofficient for the drag curves of figure 5, Since only normal-
force~distribution data were taken, the flight data had to be
reduced to pressures on upper and lower surfaccs., This was done
as is outlined in reference 9, which presents a method for the
rapid calculation of the pressure distribution over an airfoil
section when the normal-force distribution and the pressure dis-
tribution over the basc profile (i.e., the profile of the seme
airfoil if the camber line were straight and if the resulting
airfoil were at zero angle of attack) are knowna Since there
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were no pressure-distribution data available for base profiles -
corresponding to the test sections, theoretical base-profile
pressure-coefficient distributions were used as determined from

the above-mentioned reference.

The resulting pressure distributions gave results which
checked very closely the value of critical MNach number as de-
termined by reference 10, The pesk pressures at spanwise sta-
tions A, B, C, and D occurred between 10 and 20 percent chord,
hence the peask pressure was well defined, For station I,
which is approximately an NACA 23010 section, the peak pres-
sure occurs over an extremely limited portion of the airfoil
chord near the leading edge, and the relatively few orifices
nesr the leading edge prevented the peak pressures from being
accuretely established, A value for the critical Mach number
for the tip section (station &) was arrived at, however, by
use of reference 10, Since the pressure-distribution data
from flight gave results that were in very close agrecment with
the theoretical data for stetions A, B, C, and D, it is thought
thet the value of section critical Mach number for staticn E
is probably not greatly in errora
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TABLE I.=-T.BUL.TIONS OF FLIGHT COMDITICNS DURING

HIGH~SPEED DIVES OF BELL P-3S¢E~-1 AIRPLANE

e -

' Dive, Altitude | Maximum .EMaximum gﬂngine conditions
(UM e inormal  Mach B o
ber !At start|After 'acceler- |number . rpm ! Throttle

,of dive pull-outiation lattained i . setting
L (£t) (£t) Lfactor at' |
| pull-out ! |
SN ' SO OOU UV S (g) - ‘ — i —_— +
1 130,000 11,800 | 6.0 ; 0,765 . 3050 Varied
| ’ |
2 28,000 10,300 | 4.4 | '777. + 2800 Part
| !
3 34,000 12,100 ; 5.8 1 797 3000 Full
i : ;
4 ESZ,OOO 22,000 i 5,0 i o715 i 5000 Part
’ :
5 32,000 | 12,800 5 7,0 | .785 | 2800 | Part
i i :
6 {30,000 {10,000 , 4.6 | ,778 2600 Varied
R - O LSS SO U P PO

HOTE: 0il end coolant shutter position for all dives;
one-half open (flush with external lines of fuselage).
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.view of the Bell P-39N-1l airplane as instrumented

for flight tests.

Figure 2.- Three-quarter front
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